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Abstract
Research suggests that musculoskeletal markers (MSMs) can provide information about
the lives of deceased individuals. The majority of studies focus on single factors that influence
the morphology of MSMs in pre-modern societies (i.e., medieval, hunter-gatherers, preindustrial, etc.). This study analyzes MSMs of modern skeletons of 72 females and 83 males
from the United States whose ages at death range from 30 to 89 to understand the relationship
between various biological factors and MSM morphology. Eight MSMs (attachments of
pectoralis major, deltoid, brachialis, supinator, iliopsoas, gluteus maximus, quadriceps, and
soleus) were analyzed and categorized as phases zero, one, two, or three depending on the degree
of robusticity, with phase zero showing no robusticity and phase three being the most robust.
Odds ratio estimates, chi square tests, & Mann-Whitney U tests were used to assess the
relationship of the MSMs with age, sex, and estimated body mass. Results show that four of the
eight MSMs have significant relationships with estimated body mass and/or age: the deltoid,
brachialis, iliopsoas, and quadriceps tendon. Interestingly, four MSMs, the left quadriceps
tendon, the right pectoralis major, the right gluteus maximus, and the right soleus show a
significant relationship between sex and MSM robusticity. The results for the relationship
between sex and MSM robusticity were not able to show specifically whether males or females
were more likely to have more robust MSMs.
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Introduction
One of the main goals of biological anthropology is to study how humans have evolved
and adapted to different environments. Biological anthropologists do so by examining the
skeletons of modern humans in comparison to other primates and earlier hominins. Bones
continue to remodel throughout an individual’s lifetime, making them ideal material for the study
of evolution and adaptation. Bone reacts to the stressors of everyday life by remodeling to
support the functionality of the skeleton. One particular area of the skeleton that has become a
topic of interest for many researchers is Musculoskeletal Markers (MSMs). The popularity of
MSM analysis has been increasing since the late 1900s. These markings were called
Musculoskeletal Stress Markers and were often used in an attempt to recreate activity patterns in
pre-modern populations. The term was later shortened to Musculoskeletal Markers because the
research involving these markers not only focused on the stress occurring at the sites but also the
strain, robusticity, pathologies, and traumas.
MSMs are sites of accumulated strain at the places where tendons and ligaments attach to
bone (Benjamin et al. 2006). They can be characterized as pitting or furrowing found in the
cortical bone (Takigawa 2014). These MSMs can be subject to the strain of everyday muscle
movement and traumatic injuries often seen in sports and jobs requiring heavy mechanical load
being applied to the muscles. The goal of studying MSMs is to see how much these strains and
traumas affect bone morphology and whether or not there are significant changes to the bone that
can be seen macroscopically. If relationships can be determined between MSMs and varying
biological factors within a certain population, that information can be used in the future to aid
investigators, medical examiners, and coroners in identifying the identities of unknown, deceased
individuals within that specific population. Because there are an increasing number of studies
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focused on these relationships in varying populations around the world, a general trend
pertaining to how MSM morphology is affected by biological factors can be applied more
broadly to both forensic and archaeological cases where identity is unknown.
As an individual ages, the repeated strain on the bone from the muscle can result in
enlarged MSMs with spurs surrounding the edges of the muscle attachment (Takigawa 2014).
These changes can be seen macroscopically. MSMs on an older person are more robust than
those of a younger person (Wilczak 1998, Molner 2010, Takigawa 2014). This difference can be
attributed to older individuals having a longer period of time where repetitive muscle
contractions pull at the bone and create bony spurs resulting in a more robust MSM (Weiss et al.
2010, Foster et al. 2014).
Borgognini & Repetto’s (1986) study of skeletons from Grotta dell’Uzzo, Sicily
investigated skeletal indicators of labor activity and sexual division of labor, with respect to body
size, bone robustness, and the development of muscular attachments. According to Borgognini &
Repetto, skeletal samples from the Mesolithic period show less pronounced muscle attachment
sites compared to the muscle attachment sites of individuals from Upper Paleolithic samples. The
authors interpret this difference as being due to an overall reduction of the mechanical stress on
the lower limbs (Borgognini & Repetto 1986). Towards the Neolithic period, the muscular
attachment sites were more pronounced compared with those seen in individuals from the Upper
Paleolithic implying more mechanical stress (Borgognini & Repetto 1986).
Bliege Bird & Codding (2015) define division of labor as the “cooperative specialization
in economic production of reproduction” (2015 p.1). In some hunter and gatherer societies,
males and females have very different roles within society and thus have different activity
patterns, such as women targeting reliable foods like plant foods and taking care of young
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children and men targeting more variable foods like hunting different types of prey (Bliege Bird
& Codding 2015). This type of division of labor could lead to differences in robusticity being
seen at MSMs. In modern times, most males and females do not have such varied roles within
societies, but some differences can still be seen, especially in the United States. For example,
Rocheleau (2017) reported that out of 87,000 computer programmers and operators, 94.8% are
male, whereas out of 692,000 preschool and kindergarten teachers, 97.5% are female. According
to the BLS Reports (US Bureau of Labor Statistics) (2021), as of 2019, women in the United
States have accounted for more than half of all workers within the fields of education and health
services (74.8%), financial activities (52.6%), and hospitality (53.9%) but are substantially
underrepresented in the fields of construction (10.3%), agriculture (26.2%), and manufacturing
(29.4%). While professions such as construction and agriculture rely heavily on muscle strength
and strain, professions within the healthcare system, especially those within a hospital (nurses,
doctors, physical therapists), also rely heavily on muscle strength and strain as these
professionals are constantly moving about, maneuvering patients, and operating medical
machinery (BLS Reports 2021). Body mass also likely contributes to macroscopic changes to the
MSMs. The thought is that individuals with a higher body mass will have larger, more robust
MSMs because a higher body mass can cause more strain on the muscles to support and move
the skeleton in day-to-day life (Myszka & Piontek 2011).
This project will be a populational study that examines eight MSMs on the upper and
lower limbs, both left and right, of the humerus, ulna, femur, and tibia. Attachment sites of M.
deltoideus and M. pectoralis major will be examined on the humerus, and M. brachialis and M.
supinator will be examined on the ulna. Attachment sites of M. gluteus maximus and M.
iliopsoas will be examined on the femur, and M. soleus and M. quadriceps will be examined on
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the tibia. The MSMs were chosen for this study because these MSMs can be observed
macroscopically and can be affected by age, sex, and body mass (Myszka & Piontek 2011;
Takigawa 2014). The objectives of this study are to determine if there is a relationship between
three biological factors – age, sex, and estimated body mass – and the robusticity of the MSM.
The goal is to see if increasing age or body mass will lead to more robusticity of the MSM. For
the biological factor of sex, the goal is to see if one sex tends to be more robust than the other.
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Anatomical Review
Entheses
Entheses can be classified into two types based on their structure. The first type of
entheses is fibrous or apophyseal. These entheses form when tendon or ligaments attach either
directly or indirectly (via the periosteum) to the bone (Benjamin et al. 2006). They are comprised
of dense fibrous connective tissue which connects the tendon or ligament to the periosteum. The
second type of entheses is fibrocartilaginous or chondral. This type of entheses can be further
broken down into four zones of tissue – pure dense fibrous connective tissue, uncalcified
fibrocartilage, calcified fibrocartilage, and bone (Benjamin et al. 2006). Because there are four
zones of tissue commonly present, it is difficult to define with precision where the enthesis
begins or ends. This is especially true for the dense fibrocartilage tissue and bone as the former
blends smoothly with the rest of the tendon or ligament making it virtually indistinguishable, and
the latter, when present at an enthesis blends with the bone in the remainder of the skeleton,
making it equally as indistinguishable (Benjamin et al. 2006). Fibrocartilaginous entheses lack a
periosteum which allows for a direct form of attachment between the tendon or ligament and the
bone.
Fibrous entheses have Sharpey’s fibers, especially those located in regions where there is
substantial cortical bone such as sites where ligaments attach (Benjamin et al. 2006).
Fibrocartilaginous entheses attach at sites with almost no cortex, where the collagen fibers rarely,
if ever, deeply penetrate the tissue boundary. These types of entheses have collagen fibers that
cross the hard/soft tissue boundary primarily at the level where calcified and uncalcified
fibrocartilage are separated (Benjamin et al. 2006). These collagen fibers can be considered
functionally equivalent to the Sharpey’s fibers in fibrous entheses. The primary function of
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entheses is anchorage and stress dissipation. To gain anchorage and increase stability, tendons
and ligaments flare out at their attachment sites and do not attach to the skeleton in an isolated
manor (Benjamin et al. 2006). Many of the bony attachment sites overlap each other, and the
bony spicules that lay beneath many of the entheses can radiate in all directions. Also, to help
dissipate stress, there are two zones of fibrocartilage that lay between the tendon or ligament and
the bone that work to maintain a gradual change in mechanical properties (Benjamin et al. 2006).
Enthesophytes, also known as bony spurs, are well documented at many entheses and
often occur in association with high levels of physical activity, patients with bone diseases such
as diffuse idiopathic skeletal hyperostosis (DISH) and seronegative spondyloarthropathy, and
aging (Benjamin et al. 2006). Some researchers have suggested that osteophyte and enthesophyte
formation are linked and that both represent a skeletal response to stress (Benjamin et al. 2006).
Osteoarthritic-like degenerative changes have been seen in some of the fibrocartilage of the
tendon or ligament of entheses where enthesophytes are also seen. While osteophytes are
suggested to develop to modify the loading on synovial joints that have been weakened by injury
or disease, less clear is whether enthesophytes develop to fulfill the same purpose at entheses
(Benjamin et al. 2006).

Upper Limb Muscles
Humerus
The deltoid and the pectoralis major are the muscles associated with the MSMs on the
humerus in this study. The deltoid is a large triangular shaped muscle that originates from the
spine and acromion process of the scapula as well as the lateral third of the clavicle (Elzanie &
Varacallo 2021). It has four functions: abduction, extension, flexion, and rotation (medially and
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laterally) of the arm. This study focuses on the insertion site of the deltoid on the humerus,
known as the deltoid tuberosity.
The pectoralis major is the superior most and largest muscle of the anterior chest wall
that originates from several surfaces including anterior surface of the medial half of the clavicle,
the anterior surface of the sternum, the first seven costal cartilages, the sternal end of the sixth
rib, and the aponeurosis of the external oblique of the anterior abdominal wall (Solari & Burns
2021). The pectoralis major flexes, adducts, and medially rotates the arm (Solari & Burns 2021).
This study focuses on the insertion site of the pectoralis major on the humerus at the crest of the
greater tuberosity.
Ulna
The supinator muscle and the brachialis muscle are associated with the MSMs on the ulna
in this study. The supinator originates from the supinator crest of the ulna, while the brachialis
inserts onto the ulnar tuberosity.
The supinator is a spiral shaped muscle that is contained in the posterior compartment of
the forearm (Vasković 2022b). It originates from five osteofibrous structures within the elbow
including the lateral epicondyle of the humerus, the radial collateral ligament of the humeroulnar
joint, the annular ligament of the superior radioulnar joint, the adjacent part of the ulnar fossa,
and the supinator crest of the ulna. It inserts on the upper third of the lateral, posterior, and
anterior portions of the radius (Vasković 2022b). The supinator consists of superficial and deep
layers that originate from the same landmarks and only differ in their mode of attachment. The
superficial layer attaches via tendinous fibers while the deep layer attaches with already formed
muscular slips (Vasković 2022b). The supinator curls around the proximal part of the radius and
allows the radius to rotate laterally in a motion known as supination. For slow, unrestricted
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movements, the supinator can function on its own. For quick, forceful movements or movements
against resistance, however, the supinator is assisted by the biceps brachii (Vasković 2022b).
This study focuses on the insertion site of the supinator at the supinator crest of the ulna.
The brachialis muscle’s main function is to flex the forearm at the elbow joint; it is
located in the anterior compartment of the forearm behind the biceps brachii (Gorman 2021). It
originates from the anterior surface of the distal half of the humerus below the insertion of the
deltoid muscle. It is considered the workhorse of the elbow as it is the only pure flexor of the
elbow and produces much of the force during elbow flexion (Gorman 2021). When the elbow
joint is flexed, the brachialis is always contracting as it is responsible for holding the elbow in a
flexed position. Because it is not attached to the radius, the brachialis is not affected by pronation
or supination and nor does it participate in these movements (Gorman 2021). It does, however,
steady the movement by a controlled extension which allows for precise movements. This study
focuses on the insertion site of the brachialis at the ulnar tuberosity.

Lower Limb Muscles
Femur
The iliopsoas and the gluteus maximus are the muscles associated with the MSMs on the
femur in this study. The iliopsoas attaches to the lesser trochanter of the femur while the gluteus
maximus attaches onto the gluteal tuberosity of the femur.
The iliopsoas is comprised of the psoas muscle and the iliacus muscle. The psoas muscle
is among the most significant muscles that overlie the vertebral column (Siccardi 2021). The
function of the psoas muscle is to connect the different portions (upper and lower, outside and
inside, appendicular and axial, front to back) of the body together. It works with the hip flexors
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to lift the upper thigh towards the body when the body is static, or the opposite, to pull the body
to the thigh when the thigh is fixed (Siccardi 2021). The iliacus originates from several places
including the upper portion of the iliac fossa, the medial edge of the iliac crest, the ilium-lumbar
ligament, the base of the sacrum, on both the anterior upper and lower iliac spines, and the
anterior capsule of the hip joint (Siccardi 2021). The psoas combines with the iliacus muscle at
the proximal end of the femur on the lesser trochanter (Martini et al. 2018). The iliopsoas muscle
is a major contributor of flexion to the hip joint, helping to raise the thigh. This study focuses on
the attachment site of the iliopsoas to the lesser trochanter of the femur.
The gluteus maximus is the most superficial gluteal muscle and belongs to the gluteal
group of muscles which also includes the gluteus minimus, the gluteus medius, and the tensor
fasciae latae (Grujičić 2021). The gluteus maximus spans from the pelvis to the gluteal tuberosity
of the femur. The gluteus maximus originates from several points including parts of the sacrum
and coccyx, the sacrotuberous ligament, the ilium, the thoracolumbar fascia, and the gluteal
aponeurosis (Grujičić 2021). Separating the muscle into quarters, three of them (the superficial
parts) insert between the two layers of the fascia lata, and the remaining quarter (the deep part)
inserts to the gluteal tuberosity of the femur. Its main functions are to extend and externally
rotate the thigh at the hip joint and to produce thigh abduction and adduction (Grujičić 2021). It
acts as the main extensor of the hip, pulling and externally rotating the thigh, when the proximal
attachment is fixed. When the distal attachment is fixed, the gluteus maximus pulls the pelvis
posteriorly (Grujičić 2021). The gluteus maximus is not active while standing and is a powerful
extensor of the thigh when climbing. This study focuses on the attachment site of the gluteus
maximus to the gluteal tuberosity of the femur.
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Tibia
The soleus and the quadriceps tendon are the muscles associated with the MSMs on the
tibia in this study. The soleus originates from the soleal line of the tibia while the quadriceps
tendon attaches to the tibial tuberosity of the tibia.
The soleus is a wide, flat muscle located on the posterior of the leg running from just
below the knee to the heel (Jurkovicova 2021). It combines with the gastrocnemius and the
plantaris to form the superficial posterior compartment of calf muscles. The soleus inserts on the
calcaneus along with the gastrocnemius, and acts in many basic activities including walking,
jumping, and running (Jurkovicova 2021). Its main function is to be the chief plantar flexor
where the contraction of the muscle enables the lifting of the heel against gravity during walking.
Because the soleus is involved in antigravity movements, it belongs to another group of muscles
called the antigravity group which includes the extensors of the leg, the gluteus maximus, and
the back muscles (Jurkovicova 2021). All the muscles in this group work to help maintain an
upright posture. This study focuses on the origin site of the soleus from the soleal line of the
tibia.
The quadriceps femoris muscle is the strongest muscle in the body and is located in the
anterior compartment of the thigh. It is made up of four muscles including the rectus femoris, the
vastus medialis, the vastus lateralis, and the vastus intermedius (Vasković 2022a). Its function is
to extend the leg at the knee as well as to flex the thigh at the hip joint. The rectus femoris and
the vastus intermedius both connect to the quadriceps femoral tendon. The rectus femoris
originates from the anterior inferior iliac spine and the supraacetabular groove on the ilium
(Vasković 2022a). From these two locations on the ilium, the rectus femoris runs down the thigh
vertically merging towards the thick quadriceps tendon at the base of the patella. The vastus
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intermedius lies between the vastus lateralis and vastus medialis and originates from the anterior
surface of the femur. It attaches to the base of the patella through the quadriceps tendon
(Vasković 2022a). The quadriceps tendon contributes significantly to the stability of the patella
and the knee joint. It continues distally from the base of the patella and blends with the patellar
tendon which attaches to the tibial tuberosity. The patellar tendon connects the apex of the
patella to the tibial tuberosity and improves the way the quadriceps muscle pulls the tibia
(Vasković 2022a). Even though it is commonly referred to as the patellar tendon, that is not
technically correct as tendons connect muscle to bone and the patellar tendon connects the
patella with the tibia (Shahid 2021). It should be referred to as the patellar ligament as ligaments
connect bone to bone; however, some fibers of the quadriceps tendon blend with the patellar
tendon thus technically allowing it to connect muscle to bone (Shahid 2021). This study focuses
on the attachment site of the quadriceps tendon to the tibial tuberosity.
Summary
The goal of this study is to examine the relationships between three biological variables
(estimated body mass, age, and sex) and MSM robusticity. The first hypothesis tested is that if an
individual had a larger estimated body mass, they would have more robust higher scoring MSMs
than an individual with a smaller estimated body mass. The second hypothesis tested is that an
older individual would have more robust MSMs than a younger individual. The last hypothesis
tested is that males would have more robust MSMs than females.

11

Materials and Methods
The skeletal remains used in this study are housed at the Grady Early Forensic
Anthropology Research Laboratory (GEFARL) at the Texas State University in San Marcos,
Texas. GEFARL consists of donated skeletal remains of individuals who died between the years
2008 and 2019 within 100 miles of San Marcos, Texas. Out of the 411 skeletons housed at the
GEFARL facility, 154 skeletons of known sex, age, and ancestry were used for this study (Table
1). Individuals in this study ranged from the fourth to ninth decades of life. Individuals younger
or older than these decades were not included in the study due to small sample size. Of the 411
individuals at GEFARL, only 41 individuals were described as an ancestry other than “white.”
As a result, all the individuals included in this study were of “white” ancestry. The 41 individuals
described as American Indian or Alaskan Native, Asian Indian, Black or African American,
Chinese, Hispanic, Japanese, Laotian, and Lebanese ancestry were not included in this study
because the sample sizes of these ancestries were not large enough.
MSM delineation
For each skeleton, 16 MSMs were examined. Two MSMs were examined for each of the
following eight long bones: humerus (left and right), ulna (left and right), femur (left and right),
and tibia (left and right). The upper limb MSMs that were examined are the M. deltoideus and
M. pectoralis major of the humerus, and the M. brachialis and M. supinator of the ulna. The
lower limb MSMs that were examined are the M. gluteus maximus and the M. iliopsoas of the
femur and the M. soleus and M. quadriceps of the tibia.
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Table 1. Skeletonized individuals used in present study
Collection
Grady Early Forensic Anthropology Research Laboratory
Age Group
Male (n)
Female (n)
30-39
40-49

4
10

2
8

50-59
60-69

20
22

20
18

70-79
80-89

20
7

20
3

83

71

Total:

MSM data
The MSM data were separated between males and females and then divided into six age
classes (30-39, 40-49, 50-59, 60-69, 70-79, and 80-89) and seven estimated body mass classes
(40-45kg, 46-49kg, 50-55kg, 56-59kg, 60-65kg, 66-69kg, 70-75kg).
Body mass estimation
The femur and tibia were measured with sliding calipers to estimate body size and stature
according to the parameters set by McHenry (1992). Five measurements were taken from the
femur: the maximum superoinferior diameter of the femoral head, the transverse and
anteroposterior diameters taken immediately inferior to the lesser trochanter, the transverse
biepicondylar diameter, and the anteroposterior diameter of the distal end of the shaft right above
the condyles. Four measurements were taken from the tibia: the transverse and anteroposterior
diameters taken inferior to the tibial tuberosity, and the transverse and anteroposterior diameters
of the talar facet of the distal tibia. To clarify, for the transverse diameter of the talar facet, the
measurement was taken from where the talar facet intersects with the fibular facet to the lateral
surface of the medial malleolus at the point of greatest curvature (McHenry 1992). Twenty-one
13

body mass formulae from McHenry (1988, 1991, & 1992) were used to calculate an estimated
body mass for each individual (Table 2; also see Myszka & Piontek 2011). The estimated body
mass for each individual was determined by the average of the estimated body masses from the
21 formulae. McHenry (1988, 1991, 1992) used several samples of modern North American
humans of known body weight to derive these formulae.
MSM robusticity measurement
The robusticity of the MSMs was scored on the four-phase (zero-three) scale used in
Takigawa (2014). Takigawa’s four-phase scale was used because of the in-depth descriptions of
how to categorize each MSM, including both diagrams and written explanations (Table 3). The
illustrated diagrams provided by Takigawa included the location and/or feature of the bone
where the MSM is found as well as approximately what each MSM will look like at each phase
on the scale. If an MSM was not able to be clearly defined by a single phase, an intermediate
score was assigned (e.g., 0.5 for between phase zero and phase one). Figure 9 shows the
difference between a score of zero and a score of three on the iliopsoas and the quadriceps
tendon.
Statistical analysis
To analyze the relationship between age and robusticity and estimated body mass and
robusticity, cumulative logits and odds ratio estimates were calculated using SAS (Statistical
Analysis Software). The program was run so that the probabilities modeled are cumulated over
the lower ordered values. For each odds ratio estimate of each MSM, the point estimate and the
95% Wald Confidence Limits were analyzed to see if there were any relationships between each
of the three variables (estimated body mass, age, and sex) and each of the eight MSMs of the left
side of each individual. Only the left side was used for analysis of age and estimated body mass.
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Interactions between each of the three variables were estimated for significance using SAS as
well. If an intermediate score was given during original examination, the score was rounded up
to the next whole number score during statistical analysis to minimize the number of response
levels analyzed by the program. The scores were rounded up to ensure that all morphological
changes to the MSM were accounted for. If the scores were rounded down, the data would not
reflect the amount of change that had occurred to the MSM.
A two-variable chi-square test was run to test the relationship between sex and MSM
robusticity. The null hypothesis used was that sex and MSM robusticity are independent within
the population. To run this test, the data were separated into males and females, and then again
into lefts and rights.
SAS was also used to run the Mann Whitney U Test (Wilcoxon Signed-Rank Test) which
is used to test whether there is a significant difference between two population medians when the
distribution of the differences between the two samples cannot be assumed to be normal. The
Mann Whitney U Test used in the present study used the following null and alternative
hypotheses:
Null hypothesis: The median of the difference between MSM scores is equal;
Alternative hypothesis: The median of the difference between MSM scores is not equal.
While the chi-square test analyzed the relationships between sex and MSM score, the S statistic
of the Mann Whitney U Test and its corresponding p-value were analyzed to see if within each
sex, there was a significant difference between the left and right MSMs.
For all statistical tests performed and analyzed, statistical significance was set at P£0.05.
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Figure 1. Tibial & Femoral examples of variation within MSM robusticity.
Top row from left to right: ID: 2016.041, left, quadriceps tendon, score: zero and ID 2013.052, left,
iliopsoas, score: zero. Bottom row from left to right: ID: 2014.007, left, quadriceps tendon, score: three
and ID: 2014.029, left, iliopsoas, score: three.
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Table 2. Body Mass Formulae
Reference
Bone

Parameter

Equation

McHenry 1988

Femur

Subtrochanteric product*
(Subtroch)

McHenry 1991

Femur

Femoral head
(Head)

Tibia

McHenry 1992

Femur

Tibia

logBM = 0.624*logSubtroch – 0.0562
logBM = 1.7125*logHead – 1.048

Subtrochanteric product
(Subtroch)

logBM = 0.7316*logSubtroch – 0.4527

Distal femoral product
(DistFem)

logBM = 0.960*logDistFem – 1.5678

Proximal tibial product
(ProxTib)

logBM = 1.0583*logProxTib – 1.9537

Distal tibial product
(Subtroch)

logBM = 0.9005*logSubtroch – 0. 8790

Femoral head
(Head)

logBM = 1.7125*logHead – 1.0480
logBM = 1.7754*logHead – 1.1481
logBM = 1.7538*logHead – 1.1137

Subtrochanteric product
(Subtroch)

logBM = 0.7927*logSubtroch – 0.5233
logBM = 0.8069*logSubtroch – 0.5628
logBM = 0.8107*logSubtroch – 0.5733

Distal femoral product
(DistFem)

logBM = 0.9600*logDistFem – 1.5678
logBM = 0.9919*logDistFem – 1.6754
logBM = 0.9921*logDistFem – 1.6762

Proximal tibial product
(ProxTib)

logBM = 1.0583*logProxTib – 1.9537
logBM = 1.0689*logProxTib – 1.9903
logBM = 1.0683*logProxTib – 1.9880

Distal tibial product
(DistTib)

logBM = 0.9005*logDistTib – 0.8790
logBM = 0.9227*logDistTib – 0.9418
logBM = 0.9246*logDistTib – 0.9473

*Product throughout Table 2 represents anteroposterior diameter multiplied by the transverse diameter.
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Table 3. Criteria for Scoring MSM, (Takigawa 2014:12, Table 2)

Element

MSM
Traits

Criteria for Scoring MSM

Corresponding
Phase 0
Muscles

Phase 1

Phase 2

Phase 3

Humerus

Crest of
Greater
Tuberosity
(GTC)

Pectoralis Major

No depression at
inferior level of
the crest

Longitudinal
irregular depression
<3mm at inferior
level of the crest

Longitudinal
irregular depression
>3mm, <5mm at
inferior level of the
crest

Longitudinal
irregular
depression >5mm
at inferior level to
the crest

Humerus

Deltoid
Tuberosity
(DT)

Deltoideus

Unclear tuberosity
and lateral outline
is almost straight

Slightly developed
tuberosity but
lateral outline is
hardly curved

Developed tuberosity
and lateral outline is
smoothly curved

Well-developed
tuberosity and
lateral outline is
clearly square

Ulna

Supinator Crest
(SC)

Supinator

Ulna

Ulnar
Tuberosity
(UT)

Brachialis

Visible crest
inferior to radial
notch but lateral
surface is still flat
Tuberosity is
slightly prominent
<3mm in height

Lesser
Trochanter
(LT)

Iliopsoas

visible crest inferior
to radial notch and
the crest projects
somewhat laterally
Tuberosity is clearly
developed and forms
irregular prominence
>3mm, <5mm in
height
Clear enthesophytes
<3mm in length, on
the surface of lesser
trochanter

Crest projects
more lateral than
outline of radial
notch
Whole tuberosity
is developed and
forms some
enthesophytes

Femur

Indistinct crest
inferior to radial
notch and lateral
surface is flat
Inferior level of
coronoid process
is flat, and
tuberosity is
hardly prominent
Surface of lesser
trochanter is
smooth and no
enthesophytes

Femur

Gluteal
Tuberosity
(GLT)

Gluteus Maximus

Surface is smooth
and flat, unclear
tuberosity

Tuberosity is rough
and projects <3mm in
height

Tibia

Soleal Line
(SL)

Soleus

Tibia

Tibial
Tuberosity
(TT)

Quadriceps Tendon
(QT)

No soleal line or
broken line,
posterior surface
of tibia is flat
Superior edge of
tuberosity is
smooth and no
enthesophytes

Whole tuberosity
projects >3mm in
height,
occasionally
forming the third
trochanter
Soleal line
prominent and
>3mm in height
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Slight
enthesophytes on
the surface of lesser
trochanter are
confirmed by
palpation
Whole tuberosity is
slightly rough but
still flat

Clear soleal line but
no prominence

Clear soleal line and
prominent <3mm in
height

Slight
enthesophytes on
the superior edge
are confirmed by
palpation

Clear enthesophytes
<3mm in length, on
the superior edge

Severe
enthesophytes
>3mm in length,
on the surface of
lesser trochanter

Severe
enthesophytes
>3mm in length,
on the superior
edge

Results
Tables 4.1 and 4.2 display the summary statistics of each MSM for each estimated body
mass class. Tables 5.1 and 5.2 display the summary statistics of each MSM for each age class.
When running a cumulative logit through SAS, a point estimate between zero and one
indicates a decrease in the probability of the outcome event. Because the probabilities modeled
were over the lower ordered values, the program looked for a relationship between low MSM
scores and increasing estimated body mass and increasing age. The results of the program
showed point estimates between zero and one meaning it is unlikely there is a relationship
between low MSM scores and increasing estimated body masses or increasing ages. This
indicates that a relationship between high MSM scores and increasing estimated body mass and
increasing age is likely. As a result, a point estimate between zero and one indicates a positive
relationship between increasing estimated body mass and age and increasing robusticity. After
analyzing the point estimate values, the 95% Wald Confidence Limits were evaluated to see if
the relationship among the variables was significant. If the 95% Wald Confidence Limit
contained the number one, the relationship was considered nonsignificant (Tables 6.1 – 8.2).
Of the 16 MSMs looked at for this study, four of the eight muscles showed significant
relationships with estimated body mass and/or age: the deltoid, brachialis, iliopsoas, and
quadriceps tendon. The left deltoid, left iliopsoas, and right brachialis showed significant
increase in rugosity of their MSM with increasing estimated body mass (Tables 6.1 & 6.2). Both
the left and right brachialis, iliopsoas, and the quadriceps tendon showed significant increase in
rugosity of their MSM with increasing age (Tables 7.1 & 7.2).
A two-variable chi-square test was performed on the data to assess a relationship between
sex and MSM robusticity. The critical value for significance is 5.991. Only four MSMs, the left
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quadriceps tendon, the right pectoralis major, the right gluteus maximus, and the right soleus
show a significant difference between sex and MSM robusticity (Tables 8.1 & 8.2). However,
the results of the odds ratio analyses for each of these four muscles were non-significant (results
not presented).
The results of the Mann Whitney U Test showed that there were significant asymmetries
between the left and right sides of both males and females. For females, pectoralis major,
brachialis, gluteus maximus, iliopsoas, and soleus showed significant asymmetries between the
left and right side of the individual (Table 9.1). For males, pectoralis major and soleus showed
significant asymmetries between the left and right side of the individual (Table 9.2).
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Table 4.1. Summary statistics of MSM robusticity by female estimated body mass.
Left
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Right

Table 4.2. Summary statistics of MSM robusticity by male estimated body mass.
Left
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Right

Table 5.1. Summary statistics of MSM robusticity by female age.
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Table 5.2. Summary statistics of MSM robusticity by male age.
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Table 6.1. Odds Ratio Estimates: MSM robusticity by estimated body mass, left; sexes combined.

Element

MSM

Humerus
Humerus
Ulna
Ulna
Femur
Femur
Tibia
Tibia

Deltoid
Pectoralis Major
Brachialis
Supinator
Gluteus Maximus
Iliopsoas
Soleus
Quadriceps

Odds Ratio Estimate
Point Estimate 95% Wald Confidence Interval
0.942
0.890
0.998
0.945
0.890
1.003
0.974
0.913
1.039
0.986
0.931
1.043
0.982
0.925
1.042
0.941
0.889
0.997
0.965
0.910
1.023
0.961
0.908
1.018

Table 6.2. Odds Ratio Estimates: MSM robusticity by estimated body mass, right; sexes combined.

Element

MSM

Humerus
Humerus
Ulna
Ulna
Femur
Femur
Tibia
Tibia

Deltoid
Pectoralis Major
Brachialis
Supinator
Gluteus Maximus
Iliopsoas
Soleus
Quadriceps

fc
Odds Ratio Estimate
Point Estimate 95% Wald Confidence Interval
0.982
0.927
1.040
0.962
0.903
1.026
0.934
0.873
0.999
0.944
0.891
1.000
1.007
0.951
1.067
0.982
0.928
1.040
0.974
0.919
1.032
0.983
0.929
1.040

Table 7.1. Odds Ratio Estimates: MSM robusticity by age, left; sexes combined.

Element

MSM

Humerus
Humerus
Ulna
Ulna
Femur
Femur
Tibia
Tibia

Deltoid
Pectoralis Major
Brachialis
Supinator
Gluteus Maximus
Iliopsoas
Soleus
Quadriceps

Odds Ratio Estimate
Point Estimate 95% Wald Confidence Interval
0.988
0.965
1.011
0.994
0.970
1.019
0.944
0.918
0.972
0.990
0.967
1.013
0.985
0.961
1.010
0.958
0.935
0.982
1.000
0.976
1.024
0.953
0.930
0.977
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Table 7.2. Odds Ratio Estimates: MSM robusticity by age, right; sexes combined.
Element

MSM

Humerus
Humerus
Ulna
Ulna
Femur
Femur
Tibia
Tibia

Deltoid
Pectoralis Major
Brachialis
Supinator
Gluteus Maximus
Iliopsoas
Soleus
Quadriceps

Odds Ratio Estimate
Point Estimate 95% Wald Confidence Interval
0.981
0.958
1.004
0.987
0.961
1.014
0.950
0.922
0.978
0.995
0.972
1.018
0.977
0.954
1.001
0.947
0.923
0.971
0.984
0.961
1.008
0.949
0.926
0.973

Table 8.1. Chi-Square Test: MSM robusticity by sex, left.
MSM
Deltoid
Pectoralis Major
Brachialis
Supinator
Gluteus Maximus
Iliopsoas
Soleus
Quadriceps Tendon

df
2
2
2
2
2
2
2
2

CV
5.991
5.991
5.991
5.991
5.991
5.991
5.991
5.991

x2
5.455
5.990
4.734
0.392
1.484
4.011
3.941
13.068*

*statistical significance was set at x2³5.991
Table 8.2. Chi-Square Test: MSM robusticity by sex, right.
MSM

df

CV

x2

Deltoid

2

5.991

4.070

Pectoralis Major

2

5.991

6.413*

Brachialis

2

5.991

0.670

Supinator

2

5.991

1.424

Gluteus Maximus

2

5.991

7.177*

Iliopsoas

2

5.991

5.655

Soleus

2

5.991

6.601*

Quadriceps Tendon

2

5.991

4.264

* statistical significance was set at x2³5.991
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Table 9.1. Mann Whitney U Test: MSM robusticity asymmetry within females.
MSM

Test Statistic

P Value

Deltoid

-32.5

0.7850

Pectoralis
Brachialis

123
-369

0.0337*
<0.0001*

Supinator

-174.5

0.0678

Gluteus Maximus
Iliopsoas

667.5
-273.5

<0.0001*
0.0047*

Soleus

196

0.0309*

Quadriceps

-37.5

0.7431

*statistical significance was set at P£0.05

Table 9.2. Mann Whitney U Test: MSM robusticity asymmetry within males.
MSM

Test Statistic

P Value

Deltoid

80

0.6147

Pectoralis

276.5

0.0139*

Brachialis

77.5

0.3501

Supinator

-14.5

0.8679

Gluteus Maximus

109

0.2849

Iliopsoas

84.5

0.4412

Soleus

268.5

0.0136*

Quadriceps

183

0.1049

*statistical significance was set at P£0.05
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Discussion
MSM & Estimated Body Mass
As Myszka & Piontek (2011) pointed out, a uniform trend between “body build” (2011
p.140) and MSM has not yet been established, indicating a need for further analysis of this
relationship. When Weiss (2003) analyzed the relationship between sex and the MSMs of the
three upper limb long bones, a significant positive correlation was found when the females and
males were combined into one sample but not when they were separately analyzed. A similar
study was conducted by Weiss (2004) on the lower limb bones. This study also found a
significant correlation between MSMs and the size of the bones when the sexes were combined
into one sample and in males when each sex was analyzed independently. Bridges (1997) results
were not in accord with Weiss (2003) and Myszka & Piontek (2011). Bridges concluded that the
processes that affected MSM robusticity were independent from those that affected overall bone
robusticity. Wilczak (1998) supported this conclusion as she found a relationship between MSM
morphology and age, but not between MSM morphology and bone robustness.
The present study used the same method of estimating body mass as the method used by
Myszka & Piontek (2011). Although the method of scoring MSM robusticity was different
between this study and that of Myszka & Piontek, similar results were achieved. The results of
Myszka & Piontek’s (2011) study indicate that not all MSMs develop in the same manner and,
therefore, there is not a uniform relationship between MSM morphology and body build. Myszka
& Piontek (2011) discuss that MSMs on the same bone may differ in morphology, with some
showing a significant relationship with build and others not. The results of the study presented in
this paper support this conclusion. For example, whereas the deltoid MSM shows a significant
positive correlation between robusticity and estimated body mass, pectoralis major does not. The
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pectoralis major contributes to flexion of the arm, and the brachialis and supinator act solely on
the forearm leaving the deltoid to abduct the arm. This means that the deltoid is responsible for
lifting the entire weight of the arm and could be a reason why the deltoid is associated with
estimated body mass while the other upper limb MSMs examined in this study are not. This
difference in association between rugosity of MSM and estimated body mass for two muscles
attaching to the same bone is also seen on the femur with gluteus maximus and iliopsoas. The
iliopsoas flexes the thigh, meaning that it must lift the weight of the lower limb every time the
lower limbs are moving, which could explain why the iliopsoas is associated with estimated
body mass. The gluteus maximus, on the other hand, is not involved in walking on a level
surface like the iliopsoas, but it contributes to the forceful extension of the leg when climbing or
walking on uneven terrain. Similar to Myszka & Piontek (2011), the ‘general’ robusticity of the
muscular system is larger in individuals with higher estimated body masses and smaller in
individuals with lower estimated body masses (Tables 4.1 & 4.2). This was calculated by
breaking down the estimated body masses into seven groups (40-44kg, 45-49kg, 50-54kg, 5559kg, 60-64kg, 65-68kg, and 70-74kg) and then creating a mean from all the MSMs used for the
study.
MSM & Sex
MSMs have been used to infer activity levels of past populations. The assumption is that
strains associated with muscular contraction performed throughout an individual’s lifetime tend
to accumulate such that older individuals have more pronounced MSMs than younger individuals
(Takigawa 2014). Hawkey & Merbs (1995), Peterson (1998), & Molner (2010) show a general
trend that males have more rugose MSMs than females. As a result, researchers who are studying
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activity levels take this trend into account and use various methods to avoid assuming that males
are more active than females.
Hawkey & Merbs (1995) found that males from an ancient Hudson Bay Eskimo
population generally had greater MSM scores than females, especially the clavicular scores
which the authors attributed to kayaking. Peterson (1998) also found a similar trend amongst a
pre-modern population from the Jordan Valley where she attributed the greater MSM scores seen
in males to male hunting patterns. Molner (2010) studied a Middle Neolithic population where
the trend was males having greater MSM scores than females which Molner connected with the
common male practice of archery during this time. These three studies focused on pre-modern,
archaeological populations with the assumption that there were often distinct roles for males and
females within populations. Countering the assumption of males having more rugose MSMs than
females, some researchers found reversed sex differences in some populations where females
had greater MSM scores than the males. While males hunted and practiced other strenuous tasks,
females participated in other activities such as gathering, cooking, and taking care of the
children. Eshed et al. (2004) found that females scored higher than males at the deltoid and the
quadriceps tendon. The authors attributed these differences to the tasks of gathering, grinding,
and weaving by females. Chapman (1997) found that females from a pre-contact Pecos Pueblo
Amerind population had greater pectoralis minor scores than the males. She attributed this to
grinding maize by females. Weiss et al. (2010) explain that while reverse sex differences in
MSMs have been reported from some studies, these studies did not report results in terms of
statistical significance.
Weiss et al. (2010) conducted their own study on a skeletal sample collected from a preEuropean contact site in California (dated to 2180 – 250 years BP) to determine if a statistically
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significant reverse sex difference in MSM could be seen. The authors found that males tended to
have higher MSM scores than females. They mentioned that no significant sex differences were
found in the reverse direction, but there was a non-significant reversal involving the left
supinator (Weiss et al. 2010). In the present study, the sexes differed in estimated body mass;
there were no males with an estimated body mass lower than 45kg and no females with an
estimated body mass greater than 69kg. The results of the two-variable chi-square and odds ratio
analyses were equivocal. Therefore, results of this study do not support an interpretation of a
sexual difference in MSM robusticity.
The results of the Mann Whitney U Test showed that, in total, there were more
asymmetries amongst the MSMs of females than males. For females, almost all of the MSMs of
the lower limb showed asymmetries. This could be due to the dominance of one lower limb over
the other. Rice & Seeley (2010) hypothesized that the lower limbs are asymmetrical in their
support while during gait. In this study, among males, the only lower limb MSM to show
significant asymmetry is that of the soleus. Based on Rice & Seeley (2010) the inference is that
females are more likely to show asymmetry in the lower limbs in their support while during gait.
MSM & Age
One goal of the present study was to test the hypothesis that MSM robusticity is related to
age. The tentative reasoning behind this hypothesis is that older individuals have had a longer
time frame of physical activity and mechanical loading and will therefore have more developed
MSMs than younger individuals (Takigawa 2014). This study shows a significant, positive
correlation between MSM robusticity and age for brachialis, iliopsoas, and quadriceps.
Myszka & Piontek (2013) also analyzed the relationship between MSMs and age with a
similar hypothesis and reasoning as those presented in this paper, although they were not able to
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find a significant relationship. The authors concluded that age was not a prominent factor in
understanding MSM morphology. Some researchers explain that because children’s bones are in
the process of growing and their remodeling processes are strong, changes to MSM robusticity
begin in early childhood when they are just beginning to use their muscles (Robb 1998,
Wilczak1998, and Myszka & Piontek 2013). Adults tend to show less response to changes in
mechanical loading because their bones have already matured, and degenerative processes are
starting to become more prominent with age (Myszka & Piontek 2013). Henderson et al. (1995),
Robb (1998), and Niinimäki (2011) support the idea of the ‘levelling off’ process (Myszka &
Piontek 2013). Naturally, as an individual advances in age (>65 years) (America's Health
Rankings 2021), they are more likely to have decreased participation in physical activities. As a
result, the muscles that used to be repeatedly used are no longer pulling at the bone with the
same frequency or force, causing the MSMs to stop reacting to the strain. When this happens, the
effect of age on MSMs is considered to have ‘levelled off’ and the size and shape of the MSMs
will no longer increase or degeneration may begin and decrease the size and shape of the MSMs
(Myszka & Piontek 2013). Myszka & Piontek explain that the levelling off process can only be
taken as an assumption until further analysis has been conducted to examine its role in MSM
morphology.
Many times, when bioarcheologists are studying pre-modern populations, they are faced
with poorly preserved remains with minimal, if any, documentation regarding the lives of the
individuals within the population. Without proper preservation, developing a precise age-at-death
for the individual in question can be difficult. Not having an accurate age is a significant
limitation to studies analyzing changes to the skeleton as a result of age. This study analyzed
individuals from a modern population whose ages-at-death were known. Chapman (1997),
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Wilczak (1998), and Weiss (2003, 2004) concluded that age was a significant factor in the MSM
robusticities of their populations, albeit the ages-at-death were estimates and not known. Cardoso
and Henderson (2010), Niinimäki (2011), and Takigawa (2014) did, however, confirm the
relationship between MSM morphology and age using modern skeletal populations in which
ages-at-death were known. Takigawa (2014) observed that all of the MSMs he studied of the
lower limb showed significant relationship with age. However, the results of this study showed
that only two of the lower limb MSMs observed in this study showed significant age differences.
The results of the present study show that the association between age-at-death and robusticity
were not uniform. Therefore, results of this study showed no determinant relationship between
age and MSM robusticity.
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Conclusion
The study of MSMs and their relationships with various biological factors can benefit
from further research. Some of the limiting factors of this study included the lack of information
about the physical activity levels, socioeconomics, occupation, and nutrition of the individuals in
this study. Nevertheless, in the combined sample of females and males, this study shows that
MSM robusticity is positively associated with estimated body mass. This relationship may not be
just an artifact of sexual difference in estimated body mass because is the results for sexual
difference between sex and robusticity were inconclusive. Finally, this study shows that the
robusticity of some MSMs is associated with advancing age.
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